Introduction
Few investigations of allozyme gene loci have been carried out in Tilia. cordata (Maurer and Tabel, 1995) and no inheritance analyses have been undertaken. Thus, the first step towards an analysis of its reproduction system was the development of electrophoretic methods, the clarification of allozyme inheritance in hexaploid T. cordata and the identification of polymorphic allozyme gene markers.
In regions where both T. cordata (2n ¼ 6 Â ¼ 82) and T. platyphyllos (2n ¼ 6 Â ¼ 82) occur sympatrically, spontaneous hybridization occurs (Keiper, 1916; Pigott, 1991) . The pendulous inflorescence of T. platyphyllos is a dominant trait, and the inflorescences of pure T. cordata are erect (Pigott, 1991) . A further distinguishing trait between the two species is the reddish-brown stellate hairs in the vein-axils on the underside of T. cordata leaves (Pigott, 1991) . The hybrids between the two species show degrees of intermediacy for most other traits (Pigott, 1991) ; it is often not possible to differentiate between T. cordata, T. platyphyllos and their hybrid (T. Â europaea) on the basis of morphological traits, especially in winter when the trees do not bear fruits (Scheller, 1972) . Thus markers that discriminate between the species are also reported in this paper.
Material and methods

Material
A total of 138 dominant or codominant T. cordata and three T. cordata Â T. platyphyllos hybrids grow in a 40 ha mixed forest near Schwiegershausen (101 11 0 25 00 E, 511 40 0 45 00 N), a small village west of the Harz Mountains;
the dominant species is Fagus sylvatica. The forest is surrounded by extensive agricultural land and may, therefore, be regarded as more or less isolated from other forests. For inheritance analysis, buds and more than 3700 seeds from 49 T. cordata were collected in the 1995 full mast year and investigated genetically. Additionally, buds of 91 T. cordata, 67 T. platyphyllos and seven hybrid individuals from other parts of Germany were used to identify species-specific alleles (Table 1 ). All trees were more than 120 years old. The fruits were stored at À201C. In winter, branches were cut from the trees and kept in climate chambers at 201C until bud burst and leaves from the bursting buds were used for electrophoresis.
Electrophoretic methods
Extraction of enzymes
Leaf and bud tissues were homogenized in approximately 100 ml extraction buffer (97 mg Tris pH 7.5, 1 g saccharose, 300 mg PVP, 15 mg Na 2 EDTA, 10 mg BSA and 30 mg DTT dissolved in 10 ml distilled water). For binding phenols and heavy metals, approximately 2 mg Polyclar was added to the extraction buffer before homogenizing the samples; addition of b-mercaptoethanol shows only a slight improvement in activity and the clarity of banding patterns for a few enzyme systems.
Separation and staining of enzymes
In order to investigate a large number of samples, a compromise was made between optimal results and the cost and effort, for example, for some gene loci involved (Table 2) better results were attained, although there was no significant improvement in the interpretation of the loci but a reduction in practicability. Recipes for enzyme staining were modified according to Maurer and Tabel (1995; details in Fromm (2001) ); substrate specificity of the enzymes was tested for all gene loci.
Genetic analysis
As no controlled crosses were carried out, the inheritance analysis method of Gillet and Hattemer (1989) was applied. This method has been used successfully for tree species, including Castanea sativa (Fineschi et al, 1989) , Cupressus sempervirens L. (Papageorgiou et al, 1993) , Alnus acuminata (Murillo and Hattemer, 1997) , Acer campestre (Leinemann and Bendixen, 1999) and Acer pseudoplatanus ). This method allows one to test the ''one gene-one gene marker hypothesis'' and of codominant inheritance on the basis of open-pollinated progenies of known seed trees.
Under the assumption of regular meiotic segregation and random fertilization of ovules, as well as the absence of viability selection, the following quantitative and qualitative relations in the investigated progenies must be found:
In the case of a homozygous seed tree (eg A i A i ): (a) All progeny must possess the allele of the maternal tree (A i ).
In the case of a heterozygous seed tree (eg A i A j , iaj): (b) Each individual among the offspring must contain one of the maternal alleles, A i or A j .
(c) The number, N ij , of heterozygous progenies, A i A j , is expected to be equal to the sum of the N ii +N jj homozygous progenies, A i A i and
(d) The number, N ik , of the heterozygous progenies, A i A k , is expected to be equal to the number of the heterozygous progeny,
If statistical tests show a significant deviation between observed and expected frequencies, at least one of the above-mentioned relations or assumptions is violated and the gene locus concerned is unsuitable as a gene marker. If no significant deviation is detected, the gene locus can be regarded as a gene marker. However, it is possible that significant deviations can have methodological causes (eg sampling, data input).
Deviations between observed and expected frequencies were tested with w 2 goodness-of-fit tests. Their results are presented in Tables 3-6 in terms of probabilities of greater values of w 2 . A value of 1.00 means that the observed and expected frequencies are in complete agreement, below 0.05 deviations are significant.
Results
For the enzyme system 6-PGDH (EC 1.1.1.44), two or more overlapping zones were found and, therefore, no interpretation of these complex banding patterns was possible. For the enzyme system ACO (EC 4.2.1.3), clear results were obtained for leaf material, but in seeds enzyme activities were too weak for routine investigation. For enzyme systems EST (EC 3.1.1.1), GDH (EC 1.4.1.3.), G-6-PGDH (EC 1.1.1.49), NDH (EC 1.6.99.3) and SAP (EC 3.1.3.2), only weak and/or blurred patterns were obtained and no analysis was carried out. No IDH (EC 1.1.1.42) variation was detected in T. cordata, although variation was found in T. platyphyllos. Inheritance analysis was performed for gene loci coding for the following enzyme systems: AP (EC 3.4.11.1), FDH (EC 1.2.1.2), MDH (EC 1.1.1.37), MNR (EC 1.6.99.2), PGI (EC 5.3.1.9), PGM (EC 2.7.5.1) and SKDH (EC 1.1.1.25).
AP -aminopeptidase
Four zones of activity stain for the monomeric enzyme system AP using both leucine and alanine. Zones Ap-A and Ap-C usually show only faint activity, therefore their analysis was abandoned. Ashton and Braden's (1961) separation system was preferred for the analysis of locus Ap-B, while with the histidine-citrate system better separation of the enzyme variants was achieved. However, in the latter system cobands appeared at locus Ap-B, Only needed for the differentiation of Tilia species. 23, 32, 33, 94a, 97, 98a, 112, 113, 123, 129, 130, 134 469 All n.s. All n.s.
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NA: not applicable. N is the sample size, a refers to the test of the hypothesis N ij =N ii +N jj , and b to the test of the hypothesis N ik =N jk (kai, j). which made definite identification of the allozymes difficult (Figure 1 ). In T. cordata, variants at locus Ap-D could only be separated using histidine-citrate system; with the Ashton and Braden (1961) system this locus appeared monomorphic.
For Ap-B, four enzyme variants were found, none of which was specific for any of the Tilia species. Likewise, locus Ap-D has four variants, while variants Ap-D 1 and Ap-D 2 were observed in T. cordata, and variants Ap-D 3 and Ap-D 4 occurred only in T. platyphyllos. For hybrids of N is the sample size, a refers to the test of the hypothesis N ij =N ii +N jj , and b to the test of the hypothesis N ik =N jk (kai, j).
Allozymes and hybridization in Tilia
M Fromm and HH Hattemer
T. cordata and T. platyphyllos, both of these speciesspecific enzyme variants were found. All segregation data were fully compatible with their expectations (Table 3) .
MDH -malate dehydrogenase
There are at least four loci for the dimeric enzyme MDH in Tilia. Zone A (above the dashed line in Figure 1 ) showed no variation, although there appeared to be at least two gene loci which formed heterodimers. Inheritance analyses were successful only for locus Mdh-D, because the loci in zones Mdh-B and Mdh-C overlap, and the alleles Mdh-B 1 and Mdh-C 1 have almost identical positions on the zymograms. Differentiation between the genotypes Mdh-B 1 B 2 and Mdh-B 2 B 2 , Mdh-C 1 C 2 and Mdh-C 2 C 2 , respectively, was only possible through interpretation of slight differences in band staining intensity (lane 2 for C 2 C 2 and lane 3 for C 1 C 2 in Figure 1 ). Such differences were too small for a reliable discrimination, especially in the seeds. Despite the missing inheritance analyses, a preliminary nomenclature for loci Mdh-B and Mdh-C is presented in Figure 1 . The zymograms of adult trees could sometimes be interpreted if zymograms of their seeds were also available. For all three loci, only two variants were observed per locus, and there were no species-specific variants. All segregation data were fully compatible with their expectations (Table 4) .
MNR -menadione reductase
For the tetrameric enzyme MNR, one zone of activity with four enzyme variants was visible (Figure 1) . Allozymes Mnr-A 3 and Mnr-A 4 are T. cordata-specific and Mnr-A 1 and Mnr-A 2 are T. platyphyllos-specific; therefore Mnr-A 1 A 3 is a T. cordata Â T. platyphyllos hybrid genotype. All segregation data were fully compatible with their expectations (Table 4) .
FDH -formate dehydrogenase
One zone of weak activity was obtained for the dimeric enzyme FDH, for which six enzyme variants were detected (Figure 2 ). For genetic interpretation, the variants Fdh-A 5 and Fdh-A 6 were pooled, since differentiation of these allozymes was not possible in all cases. The variants Fdh-A 5 and Fdh-A 6 were T. cordataspecific, variants Fdh-A 1 , Fdh-A 2 and Fdh-A 4 were T. platyphyllos-specific, while variant Fdh-A 3 occurred in both species. All segregation data were fully compatible with their expectations (Table 3) .
PGM -phosphoglucomutase
In T. cordata, four loci coding for the monomeric enzyme PGM were analysed (Figure 2 Allozymes and hybridization in Tilia M Fromm and HH Hattemer identification of other T. platyphyllos-specific variants was not possible; for this, inheritance analyses for T. platyphyllos were needed.
With one exception, segregation results (Table 5 ) of all zones were compatible with their expectations; among the progenies of tree F1 with genotype B 1 B 2 , by far too many homozygotes B 2 B 2 were observed in comparison to heterozygotes B 1 B 2 . The highly significant deviation between the observed and expected frequencies in the progeny of this tree F1 seems to be caused by the variant Pgm-B 1 , since the inheritance mode for the allele Pgm-B 2 is supported by the findings in several other single tree progenies. One of the above-mentioned assumptions must be violated and, therefore, the existence of the allele Pgm-B 1 has to questioned until it is clarified by further investigations.
PGI -phosphoglucose isomerase
Zone A of the dimeric enzyme PGI showed variation, but because of the blurred patterns the locus could not be analysed. However, the patterns of loci Pgi-B and Pgi-C were clear and could be analysed by using the heterodimers as visual keys. A double band in zone C indicates the presence of C 2 . This interpretation is supported by an additional band in the heterodimer region of loci Pgi-B and Pgi-C. Three allozymes at locus Pgi-B and two allozymes at Pgi-C were found in T. cordata. The enzyme variants of T. platyphyllos were different and no preliminary nomenclature of zones and alleles was possible. All segregation data were fully compatible with their expectations (Table 4) .
SKDH -shikimate dehydrogenase
Zone A of the monomeric enzyme SKDH was variable but could not be resolved. However, zone A was useful for discriminating both Tilia species. Locus Skdh-B shows variation for seven allozymes, of which Skdh-B 1 -Skdh-B 4 are T. cordata-specific and variants Skdh-B 5 -Skdh-B 7 are T. platyphyllos-specific (genotypes B 4 B 7 and B 1 B 6 in Figure 3 are T. Â europaea). Locus Skdh-B was difficult to interpret since homozygote variants appear as double bands, and in heterozygotes, three or four bands were visible depending on allele migration. Additional difficulties were caused by differing staining intensities of the double bands for leaf and seed material. In leaf material, the intensity of the lower band was highest, while for seeds it was reversed. Segregations of all genotypes carrying alleles B 1 -B 4 were fully compatible with their expected frequencies.
IDH -isocitrate dehydrogenase-and ACO-aconitase
No inheritance analyses were carried out for these enzyme systems, although species-specific bands could still be utilized to distinguish T. cordata, T. platyphyllos and their hybrid.
Discussion
Species of the genus Tilia possess a chromosome set of either n ¼ 6 Â ¼ 41 or n ¼ 12 Â ¼ 82 (Seitz, 1951; Darlington and Wylie, 1955) . T. cordata is assumed to be an allohexaploid and to originate through hybridization of an allotetraploid and a diploid species. The phenotypic expression of the enzymes corresponds to the banding patterns of diploid organisms; homozygotes have one band for monomeric and multimeric enzyme systems, while for heterozygotes, there are two bands for monomeric enzymes, three for dimeric and five for tetrameric enzymes. In spite of being polyploid, T. cordata had disomic inheritance, just as tetraploid Acer pseudoplatanus . In Tilia, for example, for PGI and PGM, allopolyploidy is not expressed as greater numbers of intralocus bands but as an increased number of loci compared to diploid organisms, for example, Fagus sylvatica (Mü ller-Starck and Starke, 1993), Quercus robur , Q. petraea. and Acer campestre (Leinemann and Bendixen, 1999) .
No cytological observations of meiosis were made, and as the phenotypes and their frequencies in single tree progenies were compatible with disomic inheritance, B   B34  B44 B24  B16  B47  B33  B23  B14  B34 B33  B44  B44 region of heteromers only tests based on the expectations of disomic segregation were made (Gillet and Hattemer, 1989) . In case of autopolyploidy, the corresponding expectations were very different from those under disomic segregation, as shown for autotetraploid Prunus spinosa (Leinemann, 2000) . Disomic segregation in T. cordata was of confirmed through statistical tests for almost all investigated loci and enzyme variants.
SKDH zymograms for homozygotes have only double bands. Corresponding findings have been made in other enzyme systems in forest trees: Bergmann (1974) found that two alleles at the gene locus coding for acid phosphatases in dormant seeds of Picea abies produce single bands while the other two alleles produce double bands even in haploid megagametophyte tissue. This author reports something similar on the gene locus Lap-A. In Fagus sylvatica double bands occur at Aat-B (aspartate aminotransferase, EC 2.6.1.1; Mü ller-Starck et al, 2001), and in Abies alba at Idh-A (Hussendö rfer et al , 1995) . It is unknown whether the two bands visible in vitro possess markedly different structure or whether they are only modified during electrophoresis.
T. platyphyllos genotypes were only inferred from the T. cordata results. Zymograms of T. platyphyllos showed different banding patterns indicating specific alleles at several gene loci. Since the two species also have alleles in common, the (minimum) proportion of hybrid F 1 seeds among the progeny of T. cordata in the Schwiegershausen forest can only be detected by considering all gene loci (Fromm, 1999) . Although the differentiation of tree populations of the same species at allozyme gene loci is generally low and private alleles have rarely been found (Loveless, 1992; Mü ller-Starck et al, 1992) , only more extensive surveys will confirm the species specificity of the alleles.
The high proportion of species-specific enzyme variants in both Tilia species leads to the assumption that interspecific hybridization and introgression are restricted. Introgression between the two Tilia species appears to take place only to a minor degree, in contrast to the genus Quercus (Rushton, 1993; Bacilieri et al, 1996; Finkeldey, 2001) .
Restricted introgression may have several reasons. Different growing site demands for T. cordata and T. platyphyllos mean that the species are sympatric only at a few sites. Additionally, mating between the two species is restricted by different flowering periods; the flowering period of T. platyphyllos generally starts 2 weeks earlier than that of T. cordata. Furthermore, introgression of the two Tilia species is hindered through the low production of fertile seeds produced by the few hybrids. The fruit appendage of the hybrids is often large but most of the fruits contain only empty seeds (Scheller, 1972; Fromm, 2001) . On the other side, the flowering periods of T. cordata and the hybrids overlap (Pigott, 1991; Fromm, 2001 ) and 20 of the 3864 fertile seeds collected from T. cordata in the Schwiegershausen forest carried T. platyphyllos-specific alleles and were inferred to be the result of fertilization by one of the three hybrids in the population. In the Schwiegershausen population, hybrid pollen were as successful as T. cordata pollen in fertilizing T. cordata ovules (Fromm, 2001) . The 20 seeds were not included in segregation analyses. It is not known if these seeds are as viable as pure T. cordata seeds in later ontogenetic stages.
